The three-dimensional structure of a dihydrodiol epoxide of 5,6-dimethylchrysene was elucidated by X-ray diffraction techniques. The effects of the steric overcrowding by the 5-methyl group in the bay region of this compound are described. The carbon atom of the 5-methyl group is found to lie out of the plane of the aromatic system, thereby avoiding the nearer C-H group of the epoxide ring; this C-H hydrogen atom is pushed in the opposite direction. As a result, the molecule is distorted so that the relative orientations of the epoxide group and the aromatic ring systems are very different for the diol epoxides of (nearly planar) benzo[a]pyrene (studied by Neidle and co-workers) and (distorted) 5,6-dimethylchrysene (described here). The main effect of the 5-methyl group is to change the relative angle between the epoxide-bearing ring (the site of attack when the diol epoxide acts as an alkylating agent) and the aromatic ring system (which is presumed to lie partially between the DNA bases in the DNA adduct that is about to be formed). This may favor some specific alkylation geometry.
Introduction
When a polycyclic aromatic hydrocarbon (PAH) produces a neoplastic lesion, it has first been activated to a molecular species that can interact with informational macromolecules in the cell (1) . A major mode of activation is the formation of a diol epoxide (1) , which can then alkylate DNA. The carcinogenic potential of a PAH is often greatly increased when the PAH contains a bay region methyl group on the more aromatic side of the bay region (e.g. the 5 but not the 4 position in chrysene; see numbering in Figure 1 ) (2) (3) (4) (5) (6) . It has generally been assumed that the reason for this is that the bay region methyl group, by virtue of its bulk, causes significant molecular overcrowding in the diol epoxide and/or in the DNA adduct that is formed. This steric hindrance is presumed to favor a conformation that facilitates the progression of carcinogenesis (7, 8) . It has been found (for the parent PAHs) that 5-methylchrysene (with a bay region methyl group) is the only monomethylchrysene that is appreciably carcinogenic (2) , but, surprisingly, its PAH derivative, 5,6-dimethylchrysene, is weaker as a tumor initiator (6) .
Diol epoxides of fairly planar PAHs such as benzo[a]pyrene (BaP) react with DNA mainly at the amino groups of guanine Abbreviations: BaP, benzo[a]pyrene; 5,6-diMeC, 5,6-dimethylchrysene; PAH, polycyclic aromatic hydrocarbon.
© Oxford University Press 1549 residues (9) . On the other hand, distorted PAHs (such as 7,12-dimethylbenz[a]anthracene) appear to attack the amino groups of both adenine and guanine in DNA (10) (11) (12) (13) (14) . This indicates that bay region distortions play a significant role in determining the course of PAH-DNA adduct formation. We present here the crystal structure of the anti-diol epoxide of 5,6-dimethylchrysene (anti-5,6-dimethylchrysene-1,2-dihydrodiol-3,4-epoxide). Steric interactions between the bay region methyl group and the ring that bears the diol and epoxide groups are described for the first time. The formula of the compound studied here is presented in Figure 1 .
Materials and methods
Anti-5,6-dimethylchrysene-1,2-dihydrodiol-3,4-epoxide (5,6-diMeC diol epoxide) was synthesized as reported by Misra and co-workers (14) . The crystal used for data collection was crystallized from tetrahydrofuran as a thin lath with dimensions 0.20ϫ0.15ϫ0.03 mm. It is monoclinic with unit cell dimensions a ϭ 17.251(8) Å, b ϭ 7.666(1) Å, c ϭ 11.319(1) Å and β ϭ 99.91(7)°. The unit cell dimensions were determined using 250 measured Bragg reflections with θ angles ranging from 10-18°and having I Ͼ 25 σ(I). The space group was determined (15) to be P2 1 /a with Z ϭ 4. This space group is centrosymmetric, so that both the molecule and its mirror image are studied. This is an advantage to the precision of the structure determination because the phases of diffracted beams are well defined at 0°or 180°rather than any value between 0 and 360°.
Three-dimensional X-ray diffraction data were measured with an EnrafNonius FAST area detector diffractometer using a rotating anode generator with a molybdenum anode [λ(MoK α ) ϭ 0.71073 Å] employing a graphite monochromator. All measurements were carried out at low temperatures [120(2) K]. The data were measured as frames of 0.25°of rotation/frame for 40 s/frame at a crystal-to-detector distance of 50 mm with a θ offset of 30°. The crystal-to-detector distance was calibrated with a crystal of basic beryllium acetate (cubic unit cell with a ϭ 15.735 Å). The Munich Area Detector NE System program (15,16) was used for both collection and integration of the frames to yield integrated reflection intensity. A total of 12 522 data were measured in three crystal settings and were merged using XSCALE (17) to give 3367 unique reflections with R merge (I) ϭ 0.069 to sinθ/λ max ϭ 0.649/Å.
The crystal structure was determined by direct methods using the structure solution package MULTAN88 (18) . The resulting structure was refined using the program ICRFMLS (19, 20) , which had been modified to refine on F 2 . After an initial isotropic refinement, all of the hydrogen atoms were located in an F o -F c electron density map. The refinement was anisotropic for all nonhydrogen atoms and isotropic for hydrogen atoms. The quantity minimized in the least squares refinement was Σw(F o 2 -F c 2 ) and the weighting scheme was w ϭ 1/σ 2 (F o 2 ). Scattering factors used were those published in International Tables for X-ray Crystallography (21) . The agreement between the calculated and observed structures is R 1 ϭ 0.104 and wR 1 ϭ 0.043 for all data. The agreement with respect to F 2 (the basis of the structure refinement) was R 2 ϭ 0.080 and wR 2 ϭ 0.089. R 1 (F Ͼ 4σ F ) ϭ 0.042 (1795 reflections) with a goodness-of-fit of 1.059. The minimum and maximum electron densities in the final difference Fourier map are -0.46 e/Å 3 and 0.58 e/Å 3 . The atomic numbering and bond lengths are given in Figure 2 . Molecular diagrams in the figures in this article were drawn with the in-house program ICRVIEW (22) . Atomic coordinates are listed in Table I ; the atomic displacement parameters (anisotropic and isotropic) and calculated and observed structure factors are available from the authors. C-H and O-H bond lengths were extended along the bond vector to values found from neutron diffraction analyses of organic compounds in general (C-H sp 3 ϭ 1.09 Å, C-H sp 2 ϭ 1.07 Å, O-H ϭ 0.97 Å) (23) and the calculated atomic coordinates for hydrogen atoms are also listed in Table I . The estimated standard deviations of atomic positions are also given in Table I . They correspond to e.s.d. values of 0.002 Å for bonds involving C and O and 0.2-0.3°for angles.
Results and discussion
This structure analysis shows, as can be seen in Figure 2 , that the two hydroxyl groups in the epoxide-bearing ring are in the equatorial conformation (lying approximately in the plane of the aromatic ring system), as they also are in the anti-diol 1550 epoxide of BaP (24) . All three bonds in the epoxide ring are similar in length (1.461-1.466(2) Å), indicating that no appreciable distortions have occurred to alter the reactivity of this group (25, 26) . A comparison of the geometry of the PAH 5,6-dimethylchrysene (5,6-diMeC) (27) with that of its diol epoxide (this structure) shows that there is little additional distortion in the PAH ring system on diol epoxide formation, except in the epoxide-bearing ring, which has now become saturated. The conformation of this six-membered ring is similar to that found in other crystal structures containing analogous ring systems (24, (28) (29) (30) (31) (32) ; the only significant differences were that there are higher torsion angles around C13 in the structure described here. Thus the spatial relationship between the hydroxyl groups which form hydrogen bonds (thereby representing a biological binding mode of this molecule) and the epoxide ring itself (which represents the site of biochemical activity) is similar in both the diol epoxides of BaP and 5,6-diMeC.
The role of the 5-methyl group in the diol epoxide of 5,6-diMeC was the main focus of this study. The question is what is the effect of the additional methyl group on the threedimensional structure of the diol epoxide, because 5-methylation greatly enhances the carcinogenicity of chrysene. The 1551 main steric interactions in the bay region are between hydrogen atoms (H19 and H19') on the 5-methyl group (C19) and the hydrogen atom (H4) on the bay region side of the epoxide group ( Figure 3) . The molecule has assumed a conformation in which the minimum non-bonded H···H distance is~2 Å (H19···H4 ϭ 2.1 Å, H19'···H4 ϭ 2.3 Å). To ensure this, as shown in Figure 4 , C19 is pushed down below the plane of the aromatic system, while the epoxide group, including H4, is pushed up a large distance,~2 Å. This avoids the steric clash that would occur if C19 and H4 were both to lie exactly in the plane of the aromatic system. The 5-methyl group is also constrained from free rotation by H-H interactions with its adjacent 6-methyl group (H19''···H20' ϭ 2.1 Å) to the fixed orientation shown in Figure 3 . This might be part of the explanation for the greater carcinogenic activity of 5-methylchrysene versus 5,6-diMeC (6). This structural analysis has shown the directions along which the C19 methyl group and the epoxide group adjust to steric overcrowding ( Figure 1 ). An alternative conformation that might be envisioned, in which the 5-methyl group moves in the opposite direction out of the plane of the aromatic ring system ('up' in the orientation in Figure 3 ), is energetically much less likely. The reason for this is that H4 is already above the plane of the aromatic system to which it is attached and would require a much larger displacement to avoid a steric clash and therefore this second conformation is energetically disfavored. Thus, the relief of steric overcrowding involves: (i) C19 being forced out of the plane of the aromatic system to which it is attached; (ii) increases in external C-C-C angles in the bay region; (iii) the epoxide group, including H4, being forced in the opposite direction from C19. These conformational effects bring the epoxide oxygen atom near to H19'; the C19-H19' bond points almost directly towards this oxygen atom (H19'···O3 ϭ 2.7 Å), as shown in Figure 3 .
The relief of steric strain in the bay region distorts the aromatic system so that torsion angles about C-C bonds deviate from the expected value of 0°for an aromatic system. This is especially evident in the bay region where torsion angles are as large as 23°, but it extends through the aromatic system, particularly along the C15-C16 bond. The final result is that the relative angles between the planes of the aromatic system and the epoxide ring are different for the diol epoxides of 5,6-diMeC (115.5°) and of BaP (80.9°), a variation of~35° (  Figure 4 ). Therefore, if intercalation of the flat portion of the PAH between the bases of DNA occurs, the epoxide-bearing ring (where the alkylating action occurs) will be in a different location for the two diol epoxides. In addition, the strain imposed on H4 may be transferred to C4, increasing its chemical reactivity.
The packing of molecules will give some indication of the charge distribution in the molecule. The two hydroxyl groups act as hydrogen bond donors; while the two hydrogen bond acceptors are the oxygen of the epoxide and the hydroxyl group nearest to the epoxide, group, as shown in Figure 5 . The arrangement of charges around the epoxide oxygen atom may affect the charge distribution around C4, the site of alkylation of DNA (33) . This could enhance the alkylating 1552 function of this diol epoxide, because a hydrogen bond to the epoxide group can be considered to be an incipient protonation (an initial step in epoxide ring opening). The manner in which two hydroxyl groups approach and form intermolecular hydrogen bonds to the epoxide and its adjacent hydroxyl group oxygen atoms is reminiscent of the same intermolecular stereochemistry in crystals of cis-2,3-epoxycyclooctanol (34) . In the anti-and syn-diol epoxides of BaP there are additional interactions that are not found in the structure examined here. In the anti-diol epoxide of BaP there is a C-H···O interaction to the epoxide oxygen atom from a hydrogen atom on a hydroxyl-bearing carbon atom (24) . In the syn-diol epoxide of BaP there is a somewhat short interaction between the epoxide oxygen atom and one of the carbon atoms of the epoxide group (32) .
Thus, the introduction of a bay region methyl group has forced the aromatic ring system and the epoxide group to distort considerably so that the spatial relationship between the epoxide group and the aromatic portion of the ring system is appreciably altered. Since the amino groups of guanine lie in the minor groove of DNA, whereas those of adenine lie in the wider major groove, it is possible that the bulkiness of bay region-substituted PAH diol epoxides and the spatial relationships of certain functional groups influence the adenine:guanine ratio of attacked bases. An overall evaluation of the significance of these findings to the process of carcinogenesis must await further structural studies of diol epoxides.
Anisotropic and isotropic vibrational parameters and observed and calculated structure factors are available from the authors.
